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ABSTRACT
Context. The ubiquity of short-period super-Earths remains a mystery in planet formation, as these planets are expected to become
gas giants via runaway gas accretion within the lifetime of a protoplanetary disc. Super-Earths’ cores should form in the late stage of
the disc evolution to avoid runaway gas accretion.
Aims. The three-dimensional structure of the gas flow around a planet is thought to influence the accretion of both gas and solid
materials. In particular, the outflow in the mid-plane region may prevent the accretion of the solid materials and delay the formation
of super-Earths’ cores. However, it is not yet understood how the nature of the flow field and outflow speed change as a function of
the planetary mass. In this study, we investigate the dependence of gas flow around a planet embedded in a protoplanetary disc on the
planetary mass.
Methods. Assuming an isothermal, inviscid gas disc, we perform three-dimensional hydrodynamical simulations on the spherical
polar grid, which has a planet located at its centre.
Results. We find that gas enters the Bondi or Hill sphere at high latitudes and exits through the mid-plane region of the disc regardless
of the assumed dimensionless planetary mass m = RBondi/H, where RBondi and H are the Bondi radius of the planet and disc scale
height, respectively. The altitude from where gas predominantly enters the envelope varies with the planetary mass. The outflow speed
can be expressed as |uout| =
√
3/2mcs (RBondi ≤ RHill) or |uout| =
√
3/2(m/3)1/3cs (RBondi ≥ RHill), where cs is the isothermal sound
speed and RHill is the Hill radius. The outflow around a planet may reduce the accretion of dust and pebbles onto the planet when
m &
√
St, where St is the Stokes number.
Conclusions. Our results suggest that the flow around proto-cores of super-Earths may delay their growth and, consequently, help
them to avoid runaway gas accretion within the lifetime of the gas disc.
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1. Introduction
The Kepler mission has found that about ∼50% of Sun-like stars
harbor short-period super-Earths with orbital periods less than 85
days and radii of 1–4 R⊕ (Earth radius) (e.g., Fressin et al. 2013).
Radial velocity measurements and transit timing variations have
also revealed that the masses of those planets are in the range of
2–20 M⊕ (Earth mass) (e.g., Weiss & Marcy 2014). The reason
for the ubiquity of short-period super-Earths has not been fully
elucidated by planet formation theory.
According to the core accretion model, when the total mass
of a planet has reached critical core mass, Mcrit ∼ 10 M⊕, run-
away gas accretion is triggered and it evolves into a gas giant
(e.g., Mizuno 1980; Pollack et al. 1996; Ikoma et al. 2000). The
runaway time-scale is about 1 Myr for a solid core having 10 M⊕,
which is comparable to the typical disc lifetime, ∼ a few Myr,
and the time-scale is much shorter when the atmosphere is dust
free (Lee et al. 2014). Short-period super-Earths have avoided
runaway gas accretion and growth into gas giants within the life-
time of the disc.
Hydrodynamic effects in a disc have been proposed as one
solution to avoid runaway gas accretion (Ormel et al. 2015b).
Protoplanetary disc gas enters the Bondi sphere of a planet em-
? e-mail: kuwahara.a.aa@m.titech.ac.jp
bedded in a disc at high latitudes and leaves it through the mid-
plane regions. They have argued that the continuous recycling
of atmosphere within the Bondi sphere is faster than the cool-
ing of the envelope gas, and so that further accretion of disc gas
is prevented; though the efficiency of the atmospheric recycling
is a controversial issue (Cimerman et al. 2017; Lambrechts &
Lega 2017; Kurokawa & Tanigawa 2018). In addition, the domi-
nance of disc-wind-driven accretion over viscous accretion onto
the star may induce a supply limit to the gas accretion onto super-
Earths’ cores (Ogihara & Hori 2018).
The late-stage core formation model has also been suggested
as another solution. In this scenario, super-Earths’ cores are as-
sumed to have formed via coagulation of proto-cores during disc
dispersal (Lee et al. 2014). The final assembly during disc dis-
persal is the expected result in conventional planet formation
theory due to mutual gravitational interactions of proto-cores
(e.g., Kominami & Ida 2002; Inamdar & Schlichting 2015). The
gas accretion during the limited period before the disc disper-
sal results in super-Earths having envelopes ∼1–10% their mass
(Ikoma & Hori 2012; Owen & Wu 2016; Ginzburg et al. 2016).
The plausible late-stage core formation scenarios involve the
migration of super-Earths’ cores formed at distant orbits (Tanaka
et al. 2002; Ogihara & Ida 2009; Ida & Lin 2010). After forming
proto-cores beyond the snow line, they begin to migrate inwards.
Article number, page 1 of 16
ar
X
iv
:1
90
1.
08
25
3v
1 
 [a
str
o-
ph
.E
P]
  2
4 J
an
 20
19
Super-Earths form in the inner region of the disc via giant im-
pact. The idea is supported by the inference that some of the low-
density super-Earths may contain large amounts of water (Léger
et al. 2004; Selsis et al. 2007; Rogers & Seager 2010; Valencia
et al. 2010; Lopez & Fortney 2013; Weiss & Marcy 2014). The
presence of water on the super-Earths has also been suggested
observationally. From the observations of some super-Earths—
for instance, GJ 1214b—a featureless transmission spectrum has
been found in the observed band, which suggests that the planet’s
atmosphere could be dominated by relatively heavy molecules,
such as water, or it could contain extensive high-altitude clouds
or haze (Narita et al. 2013; Kreidberg et al. 2014).
The feasibility of the late-stage core formation scenario de-
pends on the planet formation regimes.
In the pebble accretion theory (Ormel & Klahr 2010; Lam-
brechts & Johansen 2012), cores accrete particles with radii of
approximately mm–cm drifting from the outer region of the disc.
In this scenario, pebble isolation mass becomes large in the outer
region of the disc, Mpebbleiso ∼ 10 M⊕ at 1 au (Lambrechts et al.
2014). Proto-cores can become rather heavy, which leads to run-
away gas accretion and the evolution of cores into gas giants.
Therefore, it is necessary to suppress pebble accretion.
The horseshoe flows extended in the anterior-posterior direc-
tion in the planet’s orbital direction have a characteristic vertical
structure like a column, and a fraction of the horseshoe flow
sharply descends towards the planet due to the planet’s grav-
ity (Fung et al. 2015). They have reported that outflow from the
Bondi sphere at the mid-plane region has the speed of the order
of isothermal sound speed, ∼ cs. This outflow has the potential to
affect the accretion of solid materials to the core of the planet and
may delay its growth. The flow field around the planet affects the
accretion rate of solid materials. In 2D simulations, trajectories
of small solid particles varies with conditions, and accretion of
these particles may be suppressed in the case of small dust-size
particles (Ormel 2013). In the 3D case, small particles (10 µm–1
cm) move away from the planet in the horseshoe flow (Popovas
et al. 2018).
Whereas there are many previous studies with different cal-
culation settings (isothermal or non-isothermal, inviscid or vis-
cous, local or global frame, etc), it is unclear how the nature of
the flow field changes as a function of the mass of the planet.
In this study, therefore, we focus on the dependence of the flow
field on the planetary mass and principally investigate the speed
of outflow.
The structure of this paper is as follows. In Section 2 we de-
scribe the numerical method. In Section 3 we show the results
obtained from a series of simulations and present an analytic es-
timate of outflow speed. In Section 4 we discuss the implications
for the formation of super-Earths. We summarise in Section 5.
2. Methods
In this study, we performed three-dimensional hydrodynamical
simulations of protoplanetary disc gas around a planet, and in-
vestigated how the nature of the flow field changes as a function
of the planetary mass. Most of our methods of the simulations
followed that of Kurokawa & Tanigawa (2018). Though they
have focused on the differences between isothermal and non-
isothermal simulations, we focused on the dependence of the
flow field on the planetary mass and conducted detailed studies.
2.1. Dimensionless units
The scale of the lengths, times, velocities, and densities are nor-
malised by disc scale height H, the reciprocal of the orbital fre-
quency Ω−1, the isothermal sound speed cs, and the gas density
at planetary orbit ρdisc, respectively. In this dimensionless unit
system, the dimensionless mass of the planet is expressed by the
ratio of the Bondi radius of the planet, RBondi, to the scale height
of the disc,
m ≡ RBondi
H
=
GMp
c3s/Ω
, (1)
where G is the gravitational constant, and Mp is the mass of
the planet. When we assume a solar-mass star and a disc tem-
perature profile T = 270 (a/1 au)−1/2 K, which corresponds to
the minimum-mass solar nebula model (Weidenschilling 1977;
Hayashi et al. 1985), Mp is described by
Mp ' 12m
( a
1 au
)3/4
M⊕, (2)
where a is the orbital radius (Kurokawa & Tanigawa 2018). The
dimensionless planetary mass m = 0.01 corresponds to a planet
of 0.12 M⊕ revolving around a solar-mass star at 1 au (Eq. (2)).
Under this dimensionless unit, the Hill radius of the planet is
given by
RHill =
(m
3
)1/3
H, (3)
and the following relationships, RBondi ≤ RHill and RHill ≤ H hold
when m ≤ 0.58 and m ≤ 3, respectively.
2.2. Governing equations
The dimensionless governing equations for isothermal and invis-
cid fluid in the dimensionless unit are described as below.
∂ρ
∂t
+ ∇ · ρu = 0, (4)(
∂
∂t
+ u · ∇
)
u = −1
ρ
∇P +
∑
i
Fi, (5)
P = ρ, (6)
where ρ is the density, t is the time, u is the velocity, P is the
pressure, and Fi is the external force, respectively. Our sim-
ulations were performed on the spherical polar coordinate co-
rotating with a planet at the orbital frequency Ω. Therefore, the
second term in the RHS of Eq. (5) consists of the following
elements: the Coriolis force Fcor = −2Ω × u, the tidal force
Ftid = 3xΩ2ex − zΩ2ez, and the gravitational force
Fgrav = −∇Φp
1 − exp
−12
(
t
tinj
)2
 , (7)
where tinj is the injection time and Φp is the gravitational poten-
tial expressed by
Φp = − m√
r2 + r2s
, (8)
where r is the distance from the centre of the planet, and rs is the
softening length in the r-direction. We set the softening length
to be equal to 7% of the Bondi radius of the planet for all simu-
lations. Ormel et al. (2015b) have reported that a rapid increase
of the gravity of the planet in the unperturbed disc affects the
results of the simulations. To avoid this numerical problem, the
planet’s gravity is gradually inserted into the disc at the injection
time, tinj.
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Table 1. Lists of the simulations. The following columns give the simulation name, the size of the Bondi radius of the planet, the size of the Hill
radius of the planet, the size of the outer edge of the calculation domain, the length of the injection time, the length of the calculation time, and the
resolution, respectively. Each run has the resolution; [log r, θ, φ] = [128, 64, 128], [100, 50, 100], and [160, 80, 160] for the fiducial, low, and high
resolution simulations, respectively.
Name RBondi [H] RHill [H] rout [H] tinj [Ω−1] tend [Ω−1] Resolution
m001, m001-low, m001-high 0.01 0.15 0.5 0.5 10 fiducial, low, high
m005, m005-low, m005-high 0.05 0.26 0.5 0.5 30 fiducial, low, high
m01, m01-low, m01-high 0.1 0.32 0.5 0.5 50 fiducial, low, high
m05, m05-low 0.5 0.55 5.0 1.0 100 fiducial, low
m1, m1-low 1.0 0.69 5.0 1.0 100 fiducial, low
m2, m2-low 2.0 0.87 10.0 1.0 100 fiducial, low
m001-extendD 0.01 0.15 1.0 0.5 10 fiducial
m005-extendD 0.05 0.26 1.0 0.5 30 fiducial
m01-extendD 0.1 0.32 1.0 0.5 50 fiducial
2.3. Disc model
A planet is embedded in an isothermal, inviscid gas disc and is
orbiting around the central star at the distance a with the orbital
frequency Ω =
√
GM∗/a3, where M∗ is the mass of the host star.
The Bondi radius of the planet, RBondi = GMp/c2s , is assumed to
be larger than the physical radius of the planet. In most of our
simulations, RBondi was smaller than the disc scale height, H.
We consider the vertical structure of the density distribution
in the disc,
ρ∞(z) = ρdisc exp
[
−1
2
( z
H
)2]
, (9)
where ρdisc is the density of the unperturbed disc, z was the dis-
tance in the vertical direction. The density stratification is as-
sumed to be the initial state of the disc. We set Eq. (9) as the
boundary condition at the outer edge of the computational do-
main (see subsection 2.4).
Keplerian shear existed in the unperturbed state of the disc
and had the velocity
u∞(x) = −32 xΩey, (10)
where ey is the unit vector in the y-direction. We did not include
the headwind of the disc (namely, the gas disc rotates Keplerian).
2.4. Boundary conditions
Our three-dimensional hydrodynamical simulations were per-
formed on the spherical polar coordinates (r, θ, φ) having the
specific boundary conditions as described below.
Since all of our simulations were performed under the in-
viscid condition, we introduced the free-slip inner boundary at
r = rinn to prevent the loss of mass in the radial direction, where
rinn is the inner edge of the computational domain. We adopted
rinn = 10−3.
We also introduced the outer edge of the computational do-
main at r = rout where the density and the velocity have constant
values, ρ = ρ∞(z), and u = u∞(x). The choice of the domain size
will be justified in subsection 3.2.1 and Appendix A. For the az-
imuthal direction, a periodic boundary condition was introduced
such that the relationship A(r, θ, φ) = A(r, θ, φ + 2pi) holds for an
arbitrary scalar or vector quantity A.
We defined the simulations having the resolution
[log r, θ, φ] = [128, 64, 128] as the fiducial models. We
also performed low and high resolution simulations having
[log r, θ, φ] = [100, 50, 100] and [160, 80, 160], respectively. We
confirmed that the numerical convergence was achieved: the
key results do not depend on the resolution (see Appendix A for
details). We adopted a logarithmic grid for the radial coordinate,
which has a higher resolution in the vicinity of the planet.
2.5. Athena++ code
To perform our simulations, we used Athena++ code, which was
a complete re-write of the Athena astrophysical magnetohydro-
dynamics (MHD) code (White et al. (2016), Stone et al. in prep).
Athena++ provides a Python script for reading data from output
files of the calculations and, in this study, we performed various
analyses by using this script. In some of the results of analysis,
we averaged some components of the velocities in the azimuthal
direction on the mid-plane of the disc (see section 3). If a certain
component of the velocity and the density of the flow field are
given as continuous functions, the weighted average velocity in
the azimuthal direction is described as
〈vλ〉φ =
∫ 2pi
0 ρgasvλdφ∫ 2pi
0 ρgasdφ
, (11)
where ρgas is the gas density and vλ (λ = r, θ, φ) is a certain
component of the velocity of gas. In a series of results obtained
from our grid simulations by using Athena++ code, any physical
quantities were given as discrete data on grid points of each grid
divided into Nr × Nθ × Nφ = 128 × 64 × 128, where Nr, Nθ, Nφ
meant the number of the grid sections in each direction. We set
it such that each grid number in each direction is expressed as
(r, θ, φ) = (i, j, k), and since j = 32 corresponds to the mid-
plane of the disc, a certain component of the velocity on an ar-
bitrary grid is represented by vλi,32,k . Therefore, azimuthally aver-
aged velocity on the ith grid was calculated by
〈vλi,32〉φ =
127∑
k=0
ρgasi,32,kvλi,32,k
127∑
k=0
ρgasi,32,k
, (12)
where ρgasi, j,k and vλi, j,k are the density and the λ-component of the
velocity on the arbitrary coordinate has the grid number (i, j, k).
2.6. Parameter sets
All of our simulations are listed in Table 1. When the Hill radius
of the planet exceeds the size of the disc scale height (m > 3), a
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gap forms close to the planet’s orbit in a disc (Lin & Papaloizou
1993). Our local simulations, however, could not handle the gap
opening. For this reason we only handled a range of planetary
masses, m = 0.01–2, in a series of simulations.
Through performing test simulations several times, we con-
firmed that an unphysical flow pattern emerged in the vicinity of
the planet in the early stage of the time evolution of the flow field
when tinj was short, especially for planets with m ≥ 0.5. There-
fore, we set the length of the injection time to be longer for the
planets with m ≥ 0.5. We also found that it takes a longer time
for the flow field to reach the steady state, particularly for the
planets with m ≥ 0.05. Accordingly, we set the tend long enough
for the flow field to reach the steady state in all of our simula-
tions.
3. Results
The main subject of this study is to clarify the dependence of
the gas flow field on the planetary mass. As a result of a series
of simulations, there were some properties that varied depending
on the mass of the planet and others that did not. In subsection
3.1, we show universal properties of the flow field independent
of the planetary mass. Subsection 3.2 shows the dependence of
the flow field on the planetary mass.
3.1. The structure of the gas flow field
Through performing three-dimensional hydrodynamical simu-
lations, we found the characteristic structures of the flow field
around the planets. Figure 1 shows the three-dimensional struc-
ture of the flow field around the embedded planet obtained from
calculation of the m1 run at t = 100. Figure 1a is a bird’s-eye
view of the flow field. Figure 1b and c are the x-y plane viewed
from +z direction and the y-z plane viewed from −x direction, re-
spectively. A planet is located at the centre of the Bondi sphere
which is expressed by the black solid lines in each panel. The
structure of the flow is consistent with previous studies (Ormel
et al. 2015b; Fung et al. 2015; Cimerman et al. 2017; Lam-
brechts & Lega 2017; Kurokawa & Tanigawa 2018). Gas flows
in at high latitudes of the Bondi sphere of the planets and leaves
through the mid-plane of the disc. The flow field has three types
of streamlines defined as follows.
The Keplerian shear streamline: The Keplerian shear exists
near x & 1.5 and extends in the y-direction (Fig. 1a,b). These
streamlines are slightly perturbed by the planet’s gravity, how-
ever, and do not accrete onto the planet.
The horseshoe streamline: The horseshoe flow exists in
the anterior-posterior direction of the planet’s orbital direction
(Fig. 1a,b). The streamlines show a columnar structure as re-
ported in Fung et al. (2015). In all of our simulations, we found
the horseshoe flow had a similar vertical structure. The stream-
lines that are relatively close to the planet underwent a gravi-
tational perturbation by the planet and descended somewhat to-
wards it, but they escaped from the Bondi sphere of the planet
without reaching it.
The atmospheric recycling streamline: A few streamlines
reach the vicinity of the planet (Fig. 1a-c). These streamlines
start to descend halfway along the horseshoe orbit. After enter-
ing directly above the planet, however, they are going to sharply
descend towards it. They circle the planet several times. One of
them ultimately exits the Bondi sphere through the mid-plane re-
gion of the disc. The altitude where the gas starts descending is
approximately 2 times higher than the top of the Bondi sphere.
This streamline connects inside and outside the Bondi sphere.
Therefore, this embedded atmosphere represents an open sys-
tem where gas continuously enters the Bondi sphere and leaves
it (Ormel et al. 2015b).
The outflow emerged from the early stage of the time evolu-
tion. Figure 2 shows the time evolution of the flow field at the
mid-plane of the disc. A planet is located at the centre of this
figure. At the early stage of the time evolution of the flow field,
gas accretes onto the planetary core (as shown in Fig. 2a). After
the accretion phase, the gas began to circulate in the vicinity of
the core of the planet. As shown in Fig. 2a, inflow (represented
in blue) is dominant inside the Bondi sphere at t < 3.
The situation changes after t = 3. In Figs. 2b-f, there are
three types of streamlines: the Keplerian shear streamlines, the
horseshoe streamlines, and the atmospheric recycling stream-
lines. The Keplerian shear exists on both the left and right sides
of the planet. Although it is slightly distorted due to the grav-
ity of the planet, its trajectory is almost straight without accret-
ing onto the core of the planet. Horseshoe flows are rotation-
ally symmetric with respect to the z-axis. Part of the horseshoe
flow enters the Bondi sphere of the planet and exits it, drawing a
U-turn curve, without accreting onto the core of the planet. At-
mospheric recycling streamlines connect inside and outside the
Bondi sphere of the planet. In this phase, the topology of the
flow field does not change significantly with time in the m1 run.
The shape of the streamlines experiences only a slight change
in the vicinity of the planet. A similar trend was also confirmed
regardless of the assumed planetary mass. After the accretion
phase, the flow field approached the steady state.
What is striking about Fig. 2 is that the gas flows out from
the core of the planet towards an area outside the Bondi region,
travelling along the horseshoe streamlines or atmospheric recy-
cling streamlines at the mid-plane of the disc. Other simulations
assuming different planetary masses show similar tendencies of
the outflow of gas from the vicinity of the planet. In Fig. 2, the
speed of outflow near the Bondi radius has reached the order of
the isothermal sound speed. Such a fast flow of gas at the mid-
plane of the disc has the potential to affect the solid materials
around the planet. If the outflow speed is high compared to the
radial drift speed of the solid materials, it is probable that out-
flow behaves as a barrier against the accretion of solid materials
and suppresses the accretion rate.
In the region close to the planet, the radial outward flow is
dominant (Figs. 3a and b). We confirmed the dominance of out-
flow in the mid-plane in the vicinity of the planet in all of our
simulations. When m ≤ 0.58 (RBondi < RHill), inflow emerged
only at r & 0.1–0.2RBondi (Fig. 3a). Although inflow tails intrude
deep inside the Bondi sphere when m ≥ 0.58 (RBondi > RHill),
their width is narrow (Fig. 3b). The outflow in the mid-plane
near the planet is expected to reduce the accretion of solid mate-
rials (see subsection 4.3).
Figure 4 shows the vertical structure of inflow and outflow at
the meridian plane, y = 0. The solid lines are the specific stream-
lines and they have an axisymmetric structure. Gas flows in from
the vertical direction of the z-axis and escapes near the mid-plane
to mid-latitudes of the disc. In this figure, the gas seems to be
descending from a height twice as high as the top of the Bondi
sphere or more. Some of the streamlines correspond to the out-
flow circulating inside the Bondi sphere. The vertical scale of
the outflow is about 0.5RBondi. The vertical scale of the outflow
is important because the influence on the dust or pebble accre-
tion would be determined by the ratio of the vertical extent of
the flow to the scale height of the solid materials.
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Fig. 1. The 3D structure of the flow field obtained from m1 run at t = 100. The solid lines and the sphere represent the characteristic streamlines of
gas flow around the planet and the Bondi region, respectively. The colour shows the radial velocity normalised by the isothermal sound speed. The
region where vr has positive (outflow) and negative value (inflow) are shown in blue and red, respectively. (a): The perspective view of the flow
field. (b): The x-y plane viewed from +z direction. (c): The y-z plane viewed from −x direction.
The fundamental features of the flow field introduced above
were not changed significantly with planetary mass.
3.2. The dependence on the planetary mass
3.2.1. The positions of inflow and outflow
The height of the starting point of gas falling increased with the
planetary mass, due to the planet’s gravity becoming stronger.
The width of the horseshoe streamline also widened with in-
creasing planetary mass, and this tendency was consistent with
the result of Fung et al. (2015).
When we analysed the velocity of the flow field around the
planets, especially the estimation of the speed of outflow (de-
scribed later in subsection 3.3), it was necessary to judge where
the gas chiefly flowed in and out. Figure 5 shows the azimuthally
averaged mass flux, 〈ρvr〉φ, as a function of the altitude, z. The
altitude is changed along with the characteristic spherical sur-
face: the Bondi sphere (blue), the Hill sphere (orange), twice the
size of the Bondi sphere (green), and twice the size of the Hill
sphere (red), respectively. In Fig. 5, when the azimuthally aver-
aged mass flux has a positive or negative value, it means that gas
exits or enters a certain region corresponding to each solid line.
Inflow and outflow are balanced in each region where 〈ρvr〉φ = 0.
As shown in Fig. 5, the maximum and the minimum value of the
azimuthally averaged mass flux decreases with increasing radius.
Azimuthally averaged mass flux has the maximum value at the
mid-plane of the disc and the minimum value at the zenith of
the Bondi (for m001, m005, m01, m05) or Hill region (for m1,
m2). Though Fig. 4 shows that gas flows in at a considerably high
altitude (about twice as high as the Bondi radius of the planet),
the quantitative analysis of the azimuthally averaged mass flux
tells us that gas mainly flows in and out of whichever is smaller:
the Bondi or Hill radius.
In m001, m005, and m01 runs, we set the size of the outer
boundary to be smaller than the disc scale height. As shown
in the enlarged view in the lower right in Figs. 5a-c, the dom-
inant mass flux occurs at the position of the Bondi radius (blue
solid line). In the outer region of the Bondi sphere, mass fluxes
are almost zero (orange and green solid lines). Therefore, when
the planetary mass was small, the materials that existed outside
the Bondi radius hardly accreted and do not contribute to the
changes of the flow field. We confirmed these arguments were
valid through the results of m001-extendD, m005-extendD
and m01-extendD runs whose domain sizes were taken to be
larger than m001, m005, and m01 runs (see Appendox A for de-
tails). These results justify our assumption on the domain sizes.
3.2.2. The outflow speed
The speed of outflow near the Bondi or Hill radius at the mid-
plane of the disc increased with planetary mass (Fig. 6). This fig-
ure shows the differences of the outflow speed between different
planetary masses at t = tend. Colour contour represents the radial
velocity of the flow field in logarithmic scale. The topologies of
the flow field are slightly different in each panel Figs. 6a-f, es-
pecially in the vicinity of the planet, but each panel has an equal
amount of three types of streamlines: the Keplerian shear stream-
lines, the horseshoe streamlines, and the atmospheric recycling
streamlines (we have already discussed this universal nature of
the flow field in subsection 3.1). The flow field seems to have
reached the steady state. In all simulations, the maximum and
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Fig. 2. The time evolution of the flow field around a planet having m = 1.0 at the mid-plane of the disc. Each panel corresponds to the snapshots
at t = 2, 3, 5, 10, 50, and 100. Since we set the injection time as the unity, in this run, the planet’s gravity has completely been inserted into
the disc in all panels. Colour contour represents the flow speed in the radial direction. The vertical and the horizontal axis are normalised by the
scale height of the disc. The solid and dashed lines correspond to the specific streamlines and the Bondi radius of the planet, respectively. Blue
and red regions imply where the gas flows inwards and outwards. After accretion phase (t < 2), gas flowing from the centre of the planet (outflow)
emerges in the early stage of the time evolution. The topologies of the flow field have not significantly changed after t = 5 in this simulation. We
note that the length of the arrows does not scale with the flow speed.
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Fig. 3. The structure of the inflow and outflow in the region close to the planet at the mid-plane. (a): The result obtained from m01 at t = 50. (b):
The result obtained from m1 at t = 100. In order to distinguish the inflow and outflow clearly, we plotted vr/|vr |. Red and blue correspond to the
regions where vr/|vr | has positive and negative values. We note that the length of the arrows does not scale with the flow speed.
Fig. 4. The vertical structure of inflow and outflow at the meridian plane
(y = 0) obtained from m001 at t = 10. The red or blue region means
where gas flows outwards or inwards in the radial direction. The solid
and the dashed lines represent the specific streamlines of gas flow and
the Bondi radius of the planet, respectively. The meaning of the contour
is the same as that in Fig. 2, but the ranges are different. Since we ad-
justed the range of contour to show the vertical structure of the outflow,
the value of inflow is saturated in the vicinity of the planet. We note that
the length of the arrows does not scale with the flow speed.
the minimum values of the radial velocity were hardly changed
over time in the late stage of the time evolution. The time un-
til the flow field reaches the steady state was found to be longer
as the mass of the planet was larger. Discussion as to whether
the flow field has reached the steady state becomes important in
deriving the analytic solution of the outflow in subsection 3.3.
In this study, we defined the outflow region as the section
where the radial velocity was dominant in the flow field near the
planet compared to the azimuthal velocity; that is, a condition of
vr > vφ was set for the definition of the outflow. Figure 7 shows
where the effective outflow emerges. The solid lines are the az-
imuthally averaged radial and azimuthal velocity of gas, 〈vr〉φ
and 〈vφ〉φ, as a function of the radius, r. The dashed lines repre-
sent the location of either the Bondi or Hill radius of the planet.
The left panel shows the result of the analysis from the m005 run
at t = 30. In the left panel, the radial velocity exceeds the az-
imuthal velocity near the Bondi radius. On the other hand, in the
right panel which shows the result from the m2 run at t = 100, the
radial velocity surpasses the azimuthal velocity near the Hill ra-
dius of the planet. We also analysed other results of simulations
and found that the outflow emerged the smaller radius out of the
Bondi and Hill radii. These results are consistent with the anal-
ysis of the results of the azimuthally averaged mass flux, which
shows where the dominant gas outflow was located (Fig. 5).
The effective outflow speed has a maximum value at φ ∼
3pi/4, 7pi/4 (Fig. 8). Inflow or outflow occurs where vr is positive
or negative. In the 2D simulation, it is expected that the inflow
and the outflow speed will be the same in the mid-plane (Ormel
et al. 2015a). Figure 8 shows, however, the maximum and the
minimum value of the radial velocity are different.
The dependency of the outflow speed on the planetary mass
is presented in Fig. 9. The cross symbols represent the results
of the analysis of the simulations at t = tend. We plot the max-
imum value of the effective outflow speed at the smaller radius
out of the Bondi and Hill radii on the mid-plane of the disc ob-
tained from the analysis of the results (Fig. 8). The solid lines
coloured blue and orange correspond to the analytic approxi-
mate solution of the outflow speed (see the next subsection 3.3).
When the dimensionless planetary mass is smaller than the unity,
it seems that the outflow speed increases in proportion to the first
power of the planetary mass. However, once the dimensionless
planetary mass exceeds the unity, the power-law index in Fig. 9
becomes less than unity. How is the outflow speed actually ex-
pressed as a function of the planetary mass? Later in subsection
3.3, we conducted an analytical derivation of the outflow speed.
3.3. The analytical estimate of outflow speed
The analytical solution of the outflow speed was derived from
Bernoulli’s theorem. Assuming u is the gas velocity in the
rotating frame, under the isothermal and inviscid condition,
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Fig. 5. The azimuthally averaged mass flux, 〈ρvr〉φ, as a function of altitude, z. Each panel shows each result obtained from analysis of a series of
simulations labelled in the upper right. Each solid line represents the changes of 〈ρvr〉φ; blue: altitude is varied along with the Bondi radius of the
planet; orange: along with the Hill radius; green: along with the twice of the size of the Bondi radius; red: along with the twice of the size of the
Hill radius. The correspondences of each solid line are shown in the lower right legend of (f). The figures displayed at the lower right of (a)-(c) are
an enlarged view of a specific area in each panel. Gas flows in where 〈ρvr〉φ < 0 and flows out where 〈ρvr〉φ > 0, respectively. Black dashed line
corresponds to 〈ρvr〉φ = 0 where inflow and outflow are balanced. We assume substantial inflow and outflow occur in the area where mass flux is
dominant; that is, gas mainly flows in and out of the Bondi or Hill sphere of the planet, depending on which is smaller. We note that the scale of
the vertical axis is the same, but the horizontal axis is different for each panel.
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Fig. 6. The changes of the outflow speed at the mid-plane of the disc according to the planetary mass. Each panel corresponds to each result
obtained from different simulations at t = tend. Colour contour represents the flow speed in the radial direction. In order to show the differences of
the outflow speed specifically, we plotted in a logarithmic scale. We note that the colour contour is saturated for the inflow (vr < 0) region. The
orange-red or yellow areas mostly correspond to the region where the radial velocity is positive or negative (see Fig. 2). The solid lines correspond
to the specific streamlines of the gas flow. The black dashed line corresponds to the Bondi radius of the planet. The green dashed line shown in
panel (e) and (f) corresponds to the Hill radius. We note that the length of the arrows does not scale with the flow speed.
Bernoulli’s function is described as
B =
u2
2
+ c2s ln ρ + Φeff , (13)
where Φeff is the effective potential expressed by
Φeff = − GM∗√
r2∗ + z2
− GMp
r
− r
2∗Ω2
2
, (14)
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Fig. 7. The azimuthally averaged radial and azimuthal velocity as a function of the radius r. The left panel: the result from m005 run at t = 30. The
right panel: the result from m2 run at t = 100. The solid lines correspond to the radial (blue) and azimuthal (orange) velocity of the gas flow in the
vicinity of the planet. The dashed line shows the position of the Bondi or Hill radius of the planet.
Fig. 8. The changes of the radial velocity in the azimuth direction at the
Bondi (for m001, m005, m01, m05) or Hill radius (for m1, m2) on
the mid-plane of the disc at t = tend. The solid lines correspond to each
analytical result obtained from each simulation. Each dashed line corre-
sponds to the locations where φ = 3pi/4, 7pi/4. The radial velocity has
the maximum value near these points after it takes the periodic oscilla-
tion. The maximum value of vr increases with the planetary mass. The
positive or negative value of vr means where inflow or outflow emerges.
Fig. 9. The dependency of the outflow speed as a function of the dimen-
sionless planetary mass. The cross symbols are the maximum value of
the outflow speed at the Bondi (for m001, m005, m01, m05) or Hill
radius (for m1, m2) on the mid-plane of the disc obtained from our sim-
ulations at t = tend. The blue and orange solid lines correspond to the
analytical solution of the outflow speed derived from Eqs. (17) and (18),
which are divided at the point where the size of the Bondi radius of the
planet exceeds the size of the Hill radius (see subsection 3.3 for details).
Each black line shows the changes of the relative velocity of the small
particles for each Stokes number, St = 10−3 (dashed-dotted line), 10−2
(dotted line), and 10−1 (dashed line) derived from Eqs. (24) and (25)
(see subsection 4.3 for details).
where r∗ is the distance from the centre of the central star. The
first to the third terms in the RHS of Eq. (14) correspond to the
star’s gravitational potential, the planet’s gravitational potential,
and the centrifugal potential, respectively. When this effective
potential is linearly approximated with r∗ = a+ x and |x|, |z|  a
, Bernoulli’s function can be rewritten as
B =
u2
2
+ c2s ln ρ −
Ω2
2
(
3
(
x2 + a2
)
− z2
)
− GMp√
x2 + y2 + z2
. (15)
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Fig. 10. A single specific streamline of gas flow from m005 run at t = 10. The sphere in this figure represents the Bondi sphere of the planet. The
blue solid line indicates the streamline which enters at the zenith of the Bondi sphere of the planet and circles around the planet several times,
finally exiting near the mid-plane of the disc, which is coloured light blue. For convenience when plotting a streamline, inflow point is located at
(x, y, z) = (0.001,−0.001, 0.05), which is slightly different from P1 = (0, 0, 0.05) (see subsection 3.3).
We picked up a streamline of the recycling flow (Fig. 10).
We set two points on the streamline, P1 = (0, 0, z1) and P2 =
(x2, y2, 0). These two points correspond to where gas flows in
and out. Assuming that inflow has the velocity u = uin at P1
and outflow also has the velocity u = uout at P2. Since at each
point of P1 and P2 Bernoulli’s function has the same value in the
steady state, outflow speed can be described as
|uout | =
√√√√
|uin |2 + 2c2s ln ρ∞(z1)ρ∞(0) + 3x
2
2Ω
2 + z21Ω
2 + 2GMp
 1√x22 + y22 −
1
z1
.
(16)
The second and fourth term in the RHS of Eq. (16) would be can-
celled because the stellar gravitational potential energy balances
ln ρ in the hydrostatic equilibrium.
We defined Rin = z1 and Rout =
√
x22 + y
2
2 for convenience,
which meant the distance from the centre of the planet where gas
flowed in and out. Since we found that gas chiefly flowed in and
out from the smaller of the Bondi and Hill regions–that is, the
distance of the inflow and outflow point from the centre of the
planet was the same–Rin = Rout. Therefore, the fifth term is also
eliminated. In this case, Eq. (16) shows the relation |uout| > |uin|
and gives the upper limit of the outflow speed. From the analysis
of the kinetic energy of gas flow in our simulations, we found
the contribution of |uin|2 was negligible at P1. Consequently, the
tidal potential term determines the outflow speed uout in Eq. (16).
We defined the Bondi and the Hill regime depending on the
dimensionless planetary mass. The boundary was located at m =
0.58 where the size of the Bondi sphere of the planet exceeds the
size of the Hill sphere. In the Bondi regime, m < 0.58, since the
effective outflow leaves the Bondi sphere near the mid-plane of
the disc and has the maximum value at x2 ≈ RBondi/
√
2, Eq. (16)
gives
|uout|Bondi '
√
3
2
mcs. (17)
In the Hill regime, m > 0.58, from the similar procedure we set
x2 ≈ RHill/
√
2 and using Eq. (16) we obtain,
|uout|Hill '
√
3
2
(m
3
)1/3
cs. (18)
Our analytic approximate solutions of the outflow speed are plot-
ted in Fig. 9. The outflow speed increases with the dimensionless
planetary mass. The power-law index depends on the regimes. It
is found that the analytical estimate reproduced the results of
our simulations. Since Bernoulli’s theorem is applicable only
to the steady flow, the agreement is consistent with the infer-
ence that our simulations at t = tend have reached the steady
state. We note that the expression of uout (Eqs. (17) and (18))
represents the outflow speed not at an arbitrary point along the
recycling streamline, but at a specific point where x = −y =
min (RBondi,RHill) /
√
2, because we assumed Rin = Rout.
The outflow speed was similar to that of the local Keplerian
shear, especially in the Bondi regime. However, one slight dif-
ference is that the local Keplerian shear velocity is expressed
by vshear = −3/2xΩ, where x is the position in the radial di-
rection and Ω is the Keplerian frequency. By substituting x =
RBondi/
√
2 which corresponds to the outflow point, we obtained
vshear = 3
√
2/4mcs. Therefore, the outflow speed in the Bondi
regime was slightly faster than the local Keplerian shear veloc-
ity.
We measured the outflow speed at r = min(RBondi,RHill) be-
cause this scale gives the size of the region where the flow is
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largely influenced by the gravity of the planet. However, the out-
flow extends beyond r = min(RBondi,RHill) and the speed can be
estimated by Eq. (16) (Appendix B).
4. Discussion
4.1. Application to the non-isothermal simulations
Our method of the estimate of outflow speed is expected to be
applicable to non-isothermal simulations. Under isothermal con-
ditions, previous studies and our results have shown that gas en-
ters at high latitudes of the Bondi or Hill sphere of the planet
and leaves it through the mid-plane region of the disc (Ormel
et al. 2015b; Fung et al. 2015; Kurokawa & Tanigawa 2018).
However, non-isothermal simulations have suggested different
trends. A region emerges where a part of the gas is bound around
the core of the planet. The 3D radiation-hydrodynamical simu-
lations on the global frame have identified the interface which
divides the materials bound by the planet and the unbound ones
lie at ∼ 0.4RBondi in their 5–10 au runs for m = 0.08–0.25
(D’Angelo & Bodenheimer 2013). By conducting 3D radiation-
hydrodynamical inviscid simulations for m = 0.04, 0.38, 0.75,
and 1.9 planets, Cimerman et al. (2017) have indicated there are
no out-spiralling streamlines in the mid-plane corresponding to
the outflow streamline as shown in Fig.8 of Ormel et al. (2015b)
or Fig. 10. Instead, streamlines are circulating close to the planet.
The opacity of the disc also affects the structure of the envelope
(Lambrechts & Lega 2017). Their three-dimensional radiation-
hydrodynamical simulations on the global frame with the opac-
ity κ = 0.01 cm2/g have found a three-layer structure inside
the envelope which consists of the advection layer in the outer
layer, the radiative layer in the middle layer, and the convec-
tion layer in the inner layer. These differences between isother-
mal and non-isothermal calculation results come from the buoy-
ancy barrier in the envelope (Kurokawa & Tanigawa 2018). They
have performed two types of three-dimensional hydrodynami-
cal simulations on the local grid: isothermal and non-isothermal
cases. In the case of non-isothermal simulations, the inflow is
prevented from reaching the deep part of the envelope because
buoyant force suppresses intrusion of high-entropy gas into the
low-entropy atmosphere when the atmosphere starts cooling.
In the non-isothermal simulations, though the atmospheric
recycling has only been observed outside the isolated inner en-
velope, it has not completely disappeared (Kurokawa & Tani-
gawa 2018). We derived the analytical solution of the outflow
speed from Bernoulli’s theorem along an atmospheric recycling
streamline under the isothermal condition. In the non-isothermal
case, the form of Bernoulli’s function has to be changed accord-
ing to the conditions. As long as the atmospheric recycling has
not completely disappeared, it is expected that our method can be
applied even for non-isothermal simulations. However, there is
a possibility that the gas inflow and outflow points may change,
and further studies on the current topic are therefore required.
4.2. Comparison to the analytic solution of Fung et al. (2015)
The analytical solution shown in subsection 3.3 differs from that
of Fung et al. (2015). In their study, the outflow speed has been
given as
|uout| =
√√√√
u2in + 2GMp
 1Rout − 1√R2out + R2in
, (19)
and approximately expressed by
|uout| '

√
2
√
mcs, (for m  1)√
3
8
cs, (for m  1)
(20)
where the contribution of u2in has been neglected. Equation (20)
predicts when the planetary mass is quite small, m  1, the out-
flow speed increases with the planetary mass, but after that, it
becomes constant as the planetary mass is sufficiently large. The
maximum value of the outflow speed is about uout ' 0.6cs. How-
ever, these analytic solutions are inconsistent with our simula-
tion results. Our results showed the outflow speed can be slower
in the Bondi regime and faster in the Hill regime than their pre-
diction (Fig. 9). The differences between Eqs. (17) and (18) and
Eq. (20) came from the following reasons.
Utilisation of Bernoulli’s theorem: In their study, Bernoulli’s
theorem has been applied along with a certain horseshoe stream-
line. On the other hand, we applied Bernoulli’s theorem for an
atmospheric recycling streamline by assuming that gas entered
at the zenith of the Bondi or Hill sphere. Whereas they have
assumed inflow and outflow only have x- and y-component,
u = (ux, 3/2xΩ, 0) where 3/2xΩ is derived from the local Ke-
plerian shear, we did not assume the components of the inflow
and outflow (see Appendix of Fung et al. (2015) for details).
Configurations of inflow and outflow points: Assumption on
the altitude where the gas starts descending was also different.
They have considered the possibility that gas starts falling from
the disc scale height, Rin ≈ H. From the above-mentioned dis-
cussion (subsection 3.2.1), we found gas mainly entered or ex-
ited whichever Bondi or Hill region of the planet was smaller.
In this study we assumed the height of the falling point was the
Bondi or Hill radius, Rin = min(RBondi, RHill). Though they have
also assumed the distance of the outflow point from the centre of
the planet, Rout, scales with the half-width of the horseshoe orbit
for the low mass limit, m  1, and scales with the Hill radius for
the high mass limit, m  1, we assumed the outflow point was
located at the Bondi or Hill radius, Rout = min(RBondi,RHill).
Therefore, our analytic approximate solution of the outflow
speed was different from that of theirs1. Since the inflow and
outflow points are different from their settings, it is difficult to
compare our results to theirs any further.
4.3. Implications for the formation of super-Earths via pebble
accretion
We propose that the ubiquity of super-Earths may be explained
by their late-stage formation due to the outflow barrier: the re-
cycling outflow prevents dust and pebbles from accreting onto
their proto-cores. In the pebble accretion theory (Ormel & Klahr
2010; Lambrechts & Johansen 2012), proto-cores can grow to a
mass heavy enough to carve a gap in the pebble disc, which is
given by (Lambrechts et al. 2014),
Mpebbleiso ∼ 20
(
H/a
0.05
)3
M⊕. (21)
1 We note that they have measured the radial outward flows, which
flow not from RBondi but 0.5RBondi in the mid-plane region. Their numer-
ical result has shown the outflow has a speed of ∼ 0.2cs. If we assume
m = 0.56 and x2 ≈ 0.5×RBondi/
√
2 which corresponds to the value used
in Fung et al. (2015), Eq. (17) gives us |uout| ∼ 0.34cs. This prediction is
consistent with their result.
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This mass is large enough to allow disc gas to accrete in a run-
away fashion within the lifetime of a protoplanetary disc (Lee
et al. 2014).
Simulations in this study and previous ones showed that a
planet embedded in a protoplanetary disc induces outflow in the
mid-plane region. The particle scale height is given by (Youdin
& Lithwick 2007),
Hd = H
(
1 +
St
α
1 + 2St
1 + St
)−1/2
, (22)
where St is the dimensionless Stokes number and α is the vis-
cosity parameter (Shakura & Sunyaev 1973). Assuming St ∼
10−2–10−1 and α ∼ 10−4 to 10−2 gave Hd/H ∼ 10−2 to 100. Be-
cause the vertical scale of the outflow is estimated to be a few
tens of percent of the Bondi radius (Fig. 4), planets having the
dimensionless mass m = RBondi/H > 10−2 to 100 have the po-
tential to prevent pebbles from accreting onto them. In 2D cases,
the flow field around a planet has been shown to influence the
accretion rate of particles (Ormel 2013).
Three-dimensional adiabatic hydrodynamical simulations of
gas and particle dynamics has shown that particles that entered
the Hill sphere of the planet later exited it on the outer-trailing
horseshoe flow (Popovas et al. 2018). They have reported that the
dominant inflow of the particles is relevant to the inner-trailing
and outer-leading horseshoe flow, and dominant outflow relates
to the outer-trailing and inner-leading horseshoe flow. In the
Bondi region, the larger particles (> 0.1 cm) are rapidly accreted
onto the planet whose mass is m = 0.011, 0.037 and 0.07. How-
ever, since the outer-trailing horseshoe flows are strong enough
to carry out the smaller particles (< 0.1 cm), they do not accrete
onto the planet.
We compared the outflow speed to the terminal velocity of
particles within the Bondi or Hill radius in order to discuss the
influence of the outflow on the core growth. Given the force bal-
ance between the gas drag and the planet’s gravity acting on the
particle,
∆v
tstop
∼ GMp
r2
, (23)
where ∆v is the terminal speed of the particle relative to the gas,
tstop is the stopping time expressed by tstop = St/Ω.
In the Bondi regime, we substituted r = RBondi into Eq. (23)
and obtained
∆v ∼ GMp
R2Bondi
St
Ω
= m−1St cs. (24)
In the Hill regime, we obtained
∆v ∼ GMp
R2Hill
St
Ω
= 32/3m1/3St cs. (25)
We plotted the changes of the relative velocity of the small
particles as a function of the dimensionless planetary mass for
each Stokes number, St = 10−3, 10−2, and 10−1 in Fig. 9. As
shown in this figure, the flow field around the planets may affect
the accretion of the small particles when the outflow speed ex-
ceeds the relative velocity of the particles. The planetary mass
having the potential to affect the accretion can be written as
m &
√
St. The width of the outflow is wider than that of in-
flow in the mid-plane region near the Bondi or Hill radius (see
Figs. 2 and 6). It is expected that the outflow reduces the accre-
tion of solid materials onto the planet if they enter the Bondi or
Hill sphere from the outflow regions.
Even if the solid particles enter the Bondi or Hill sphere from
the inflow region, the accretion onto the planet may be prevented
by the flow inside the sphere. As shown in Fig. 3, outflow is
dominant in the region close to the planet. The solid materials
supplied from the inflow window of the Bondi or Hill sphere
may be transported outwards by the outflow and are ultimately
ejected from the envelope. The dense and hot envelope in the
vicinity of the planet may also induce the disruption and vapor-
isation of solid particles, which would further prevent accretion
onto the planet (Alibert 2017), though the inner part of the en-
velope may be isolated from the recycling flow (Kurokawa &
Tanigawa 2018). Furthermore, even the particles with a relatively
large Stokes number (defined at the Bondi or Hill radius)—for
instance St > m2—may also be affected by the outflow within
the Bondi or Hill sphere. Since the Stokes number is inversely
proportional to the gas density both in the Epstein and Quadratic
regimes (e.g., Ormel & Klahr 2010), the effective Stokes number
is considered to decrease inside the envelope where gas density
is much higher than that of the background. In such cases, the
particles become more susceptible to the outflow barrier.
Our results suggest that the flow in the vicinity of proto-
cores would delay the formation of super-Earth cores and, conse-
quently, help them to avoid the runaway gas accretion within the
disc’s lifetime. We propose a plausible scenario of the formation
of super-Earths as follows.
1. Proto-cores form in the outer region (∼ 1 au) of the disc un-
der the influence of the flow field. Due to the outflow barrier,
the growth of proto-cores may halt when m ∼ √St.
2. When the growth of the proto-cores halts, they begin to mi-
grate inwards. A plurality of proto-cores are arranged at the
inner edge of the disc.
3. Super-Earths are formed by giant impact during disc disper-
sal. In a short time, until the gas has dissipated, an envelope
forms around the super-Earths, which has 1–10% the mass
of it.
In either case, further studies on the interaction of the planet-
induced wind with solid materials are needed to understand the
consequences on the formation scenarios of super-Earths.
5. Conclusions
We investigated gas flows around an embedded planet in a pro-
toplanetary disc, and the dependency of the flow field on the
planetary mass. We considered isothermal, inviscid gas flow, and
performed a series of three-dimensional hydrodynamical simu-
lations on a spherical polar grid that had a planet placed at its
centre. We summarise our main findings as follows.
1. The three-dimensional structure of the flow field did not
change significantly even if we changed the mass of the
planet. Gas entered at high latitudes of the Bondi or Hill
sphere and left it through the mid-plane of the disc, which
was consistent with previous works (Ormel et al. 2015b;
Fung et al. 2015; Cimerman et al. 2017; Lambrechts &
Lega 2017; Kurokawa & Tanigawa 2018). The flow field
had three types of streamlines: the Keplerian shear stream-
lines, the horseshoe streamlines, and the atmospheric recy-
cling streamlines.
2. Gas flowed in and out substantially from the smaller of the
Bondi and Hill regions. Azimuthal averaged mass flux in-
creased with the mass of the planet. It had a maximum peak
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at the mid-plane of the disc, and had a minimum value at the
zenith of the Bondi or Hill sphere.
3. Outflow speed increased with planetary mass. Under isother-
mal circumstances, we derived an analytical solution of the
outflow speed from Bernoulli’s theorem. Our equation pre-
dicted that the following relations held for the Bondi regime
(RBondi < RHill): |uout| =
√
3/2 mcs, for the Hill regime
(RBondi > RHill): |uout| =
√
3/2 (m/3)1/3cs. These predictions
were consistent with the results of numerical simulations.
4. Comparing these analytic solutions and the relative velocity
of the small particles, we estimated the dimensionless plane-
tary mass having the potential to affect the accretion of solid
materials as m &
√
St. As the mass of the planet increased,
the outflow became fast and would start to prevent solid ma-
terials from accreting onto the core.
Our results suggested the flow field around a planet had the po-
tential to affect the accretion rate of solid materials. It is possible
that the outflow barrier could inhibit the accretion of small parti-
cles. This mechanism may delay the growth of the solid core of
the planet and may be helpful to explain the formation of super-
Earths.
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Appendix A: The dependence on computational
resolution and domain size
To investigate the effect of numerical configuration on the main
result and confirm the numerical convergence, we performed
simulations with the extended domain size and with the lower or
higher resolution ([log r, θ, φ] = [100, 50, 100] or [160, 80, 160]).
All of our simulations are listed in Table 1.
As shown in Fig. A.1, the gas density obtained by fiducial
(solid lines), low (dashed lines), and high (dotted lines) resolu-
tion simulations agree with each other.
The maximum outflow speed at the mid-plane of the disc
also matched. Figure A.2 shows the results obtained by a series
of fiducial, low resolution, high resolution, and extended domain
simulations. Although there are slight differences in the results
of the three simulations, the outflow speed obtained from simu-
lations with different resolutions or domain sizes are also consis-
tent with our analytic solution plotted by the black solid line.
From these results, we concluded that all of our hydro-
dynamical simulations reached numerical convergence and our
choice of the domain size does not affect the main results.
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Fig. A.1. The gas density in the radial and vertical direction as a func-
tion of the radius, r and altitude, z. These results are obtained from
m01, m01-low, and m01-high runs at t = 30. The solid, dashed, and
dotted lines correspond to the radial (blue) and vertical (orange) gas
density around the planet obtained from the fiducial, low, and high res-
olution simulations, respectively. In the radial direction, we plotted the
azimuthally averaged gas density. In the vertical direction, we plotted
the gas density along z−axis.
Fig. A.2. The maximum value of the outflow speed at the Bondi (for
the planets having m = 0.01, 0.05, 0.1, and 0.5) or Hill radius (for the
planets having m = 1.0 and 2.0) on the mid-plane of the disc obtained
from the fiducial (red), low resolution (yellow), high resolution (green),
and extended domain (blue) simulations at t = tend. The black solid line
corresponds to the analytical solution of the outflow speed derived from
the analytical solution of the outflow speed derived from Eqs. (17) and
(18).
Appendix B: The application of analytic solution
Because the Bernoulli’s principle is valid along a streamline in
the steady state, the outflow speed beyond r = min(RBondi,RHill)
can be estimated from Eq. (16).
Figure B.1 shows the difference of flow speed from the un-
perturbed Keplerian shear. In this study, we measured the speed
of planet-induced outflow at r = min(RBondi,RHill) because this
scale gives the extent of the flow influenced by the planet gravity.
Fig. B.1. The colour contour shows the difference of flow speed from
the Keplerian shear obtained by m05 run at t = tend. We plotted |u −
u∞(x)|/|u∞(x)|, where u is the gas velocity and u∞(x) is the Keplerian
shear expressed by Eq. (10). The contour shows that the spherical region
around the planet is highly influenced by the gravity. We note that the
red region along x = 0 is not the outflow but the horseshoe flow. We
also note that the colour contour is saturated in the region colored with
red. The gray solid lines correspond to the specific gas streamlines. We
highlighted the atmospheric recycling streamline in the thick white solid
line. The red, orange, green, blue, and purple dashed lines are the circles
of radius RBondi, 1.5RBondi, 1 [H], 2 [H], and 3 [H].
Fig. B.2. The flow speed obtained by m05 run as a function of azimuth
angle at different r and t = tend. The cross symbols coloured by red,
orange, green, blue, and purple correspond to the flow speed estimated
by Eq. (16), |uout| '
√
3Ωx, at the intersections of the circles coloured
by red, orange, green, blue, and purple with the atmospheric recycling
streamline in the forth quadrant plotted in Fig. B.1.
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The outflow extends up to 2–3 times r = min(RBondi,RHill) and
merges with the shear flow.
Figure B.2 shows the flow speed measured at different r.
Here we assumed that the gravity and density terms canceled and
that |uin|2 was negligible. The results confirm that the outflow ac-
celerates beyond x = min(RBondi,RHill)/
√
2 following Eq. (16).
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